The mitotic figures in dividing cells of sea urchin embryos, from first division to the onset of cilia formation, were studied with regard to the filament system and its relation to kinetochores, chromosomes, and poles, as well as to fixation conditions which would best preserve these structures. With regard to fixation, variations in the salt concentration and pH of the fixative indicated that an extraction effect on the chromosomes noted in earlier work was probably due to a combination of neutral pH and salt concentration equivalent to sea water. The presence of the 15 m# filaments depended on the presence of either of two stabilizing conditions: pH 6.1 or presence of the salts of sea water, presumably the divalent cations of Ca and Mg. Kinetochores and centrioles were unaffected by the fixative variations. The 15 m# filaments, reported earlier in the central spindle, are also found in great numbers in the asters of early cleavage divisions. However, with successive divisions and reduction in cell size, the aster disappears at about the 32 to 64 cell stage, and the 15 m~ filaments are entirely associated with the central spindle. This disappearance of the aster suggests that it may be, in fact, merely a specialization of large cells for cytokinesis.
INTRODUCTION
Recent studies of the fine structure of dividing cells, in a great variety of forms, have now established the presence of a fiber system based on numerous filaments having an approximate diameter of 15 m# and giving the appearance of a "tubular" structure because of their less dense core (Ruthmann, 1959; Bernhard and de Harven, 1960; Roth et al., 1960; Harris, 1961; Roth and Daniels, 1962 ; and others). Associated with the filaments are also elements of the endoplasmic reticulum, and now described by a number of authors (Porter and Machado, 1960; Ito, 1960; Buck, 1961; Harris, 1961 ; and others). In earlier work from this laboratory (Harris, 1961; Harris and Mazia, 1962) an attempt was made to describe, in sea urchin embryos, the changes in fine structure of the mitotic apparatus as a whole during the division cycle. However, technical refinements have now permitted a more detailed study of the filaments and their relation to the kinetochores, the poles, and to the vesicular "matrix" within which they are embedded. In particular, the reduction of the size of the aster, which was found to parallel the decrease of cell size, and the relationship of chromosomal filaments to continuous filaments in the spindle, offered clues to some of the functional aspects of the mitotic process, namely cytokinesis and chromosome movements. In addition, variations in the composition of the fixatives used in this study gave some interesting information concerning the chemical nature of some of the mitotic structures.
MATERIALS AND METHODS
The material, as in the previously reported work, was the embryo of the sea urchin, Strongylocentrotus purlOuratus, covering stages from the first cleavage division to the onset of cilia formation. The eggs were collected by injecting the urchins with 0.5 M KC1 and allowing them to shed into beakers of sea water. After washing, the eggs were fertilized by the addition of dilute sperm, the fertilization membranes removed, and the embryos were then allowed to develop at 15°C with constant stirring. Batches were then harvested and fixed at the desired times.
The choice of conditions for osmium fixation was based on previous studies in this laboratory on the experimental stabilization of the mitotic apparatus, both in vivo and in isolation. Two of the factors which tend to stabilize the system, a pH of 6.2 or lower Kane, 1962) and the presence of divalent cations Roth and Daniels, 1962) , were used as stabilizing factors in the osmiumcontaining fixatives. One of the fixatives was similar to that used in the previously reported work: 1 per cent osmium tetroxide buffered to pH 7.5 with acetate-veronal buffer, but differing from the standard Palade formula in that it contained sea water, and hence the divalent cations of Ca and Mg. This mixture consists of 5 parts of 2 per cent osmium tetroxide dissolved in sea water, 3 parts of sea water, and 2 parts of the acetate-veronal buffer stock of Palade's fixative (0.14 M each of sodium acetate and sodium veronal) adjusted to pH 7.5 with concentrated HC1. With sea water of 30 parts per thousand salinity, the final concentration of significant divalent cations in this fixative is approximately 0.007 M Ca plus Sr, and 0.038 M Mg. More detailed data concerning the constituents of standard sea water are available in chemical handbooks and will not be considered here. It was considered desirable to bring the final osmolarity of the fixative close to that of sea water, since the isolated mitotic apparatus is somewhat sensitive to the osmotic pressure of the medium ; sea water itself seemed the logical choice to accomplish this, as it is the medium in which the cells normally live.
A second fixative used in the present study employed a pH of 6.1 as a stabilizing factor. This was prepared by using equal parts of 2 per cent osmium tetroxide in distilled water and 1.0 M sodium acetate at pH 6.1. Although this pH is near the upper limit of the buffering range of acetate, it was felt that this deficiency could be compensated for by using the buffer itself to make the solution isotonic to sea water. Sodium veronal, which buffers at a higher range, is only soluble with difficulty at this and lower pH's, and so was not used.
Because of an extraction effect on the chromosomes brought about by the first of these fixatives and not by the second, two additional fixatives were employed briefly in an attempt to determine the source of this extraction. One of these was the standard Palade formula at pH 7.5 without added salt, and thus somewhat hypotonic both to sea water and the other fixatives. The other was a low pH fixative containing sea water, made up of equal parts of 2 per cent osmium tetroxide in sea water and 0.5 M sodium acetate at pH 6.1. In this case, the divalent cation concentration (0.005 M Ca plus Sr, and 0.025 M Mg) was somewhat less than in the pH 7.5 sea water containing fixative, but was still considerably higher than the 0.002 M concentrations used by Roth and Daniels.
Fixation was carried out at 15°C for 4 hours. The embryos were then dehydrated in graded alcohols and embedded either in Araldite or Epon epoxy resins. Sections were cut with glass or diamond knives on a Porter-Blum microtome and, after staining with lead hydroxide (Millonig, 1961) , were observed with an RCA EMU-3F microscope.
OBSERVATIONS

Effect of the Various Fixatives on some of the
Mitotic Structures
The spindle filaments, which until only recently have proved so elusive, were found to be stabilized by either a pH of 6.1 or the presence of sea water, presumably by its cations of Ca and Mg. The Palade fixative, which possessed neither of these factors, did not preserve the filaments satisfactorily, but its hypotonicity may also have been a deleterious factor. The spindle filaments, as well as similar filaments in the aster, appear to have a dense cortex and a less dense core, superficially giving a tubular appearance, and have an over-all 
FIGURE
A chromosome (oh) at beginning anaphase, with its two kinetochores (k) being pulled in opposite direction. In this preparation, in which the chromosome has been extracted by the osmium-sea water fixative at pH 7.5, the kinetochore with its attached 15 m/z filaments and chromosomal core (c) can be seen to advantage. Embedded in Araldite. Lead hydroxide stain. X 67,000.
diameter of approximately 15 m#. They often occur in bundles whose dimensions no doubt account for the visibility of the spindle fibers in light microscope preparations. Fig. 1 shows these filaments in part of a first cleavage metaphase spindle of a cell fixed in the pH 6.1 fixative without sea water. Unlike the spindle filaments in Pelomyxa described by Roth and Daniels, these filaments have no adhering material on their surfaces. The very small dense particles visible in this picture are, unfortunately, c o n t a m i n a n t from the lead hydroxide stain.
As noted previously, the neutral fixative containing sea water tended to extract something from the chromosomes, leaving only a slightly dense core of extremely fine filaments. The appearance of the chromosomes in the other three fixatives, however, was that of a medium-dense homogeneous mass of fine filaments or granules, similar to that of the chick leucocyte chromosomes observed by Bernhard and de Harven (1960) .
FIOURE 8
Part of the metaphase plate in a dividing cell of a 32-cell embryo. The chromosomes (ch) are just beginning to split and several kinetochores (k) can be seen with filaments connecting them to their respective poles. In this case, in which the pH 6.1 fixative without sea water was used, the chromosomes appear as fairly homogeneous regions of medium density. Compare with Fig. 2 . Embedded in Araldite. Lead hydroxide stain. X 32,000. T h e kinetochores were unaffected by the variations in fixation and in all cases appeared as electron-opaque "plates" roughly 50 m~z thick and 150 m # in diameter, located on the surface of the chromosome. In the neutral sea water fixative in which the chromosomes were extracted, the filamentous core running the length of the chromosomes appeared to be attached to the inner surface of the kinetochore plate, while a n u m b e r of the 15 m # filaments, together comprising the chromosomal fiber, arose directly from its outer surface and connected it with the pole (Harris and Mazia, 1962) . Fig. 2 shows the extraction effects of the neutral sea water containing fixative on a chromosome at beginning anaphase. The chromosome is just beginning to split, with its two kinetochores being pulled in opposite directions, It appears lighter than the background material and shows to advantage the filamentous chromosome core and the dense kinetochores. Fig. 3 shows part of a metaphase figure of a 32-cell embryo at approximately the same stage as that shown in Fig. 2 . In this case, where the pH 6.1 fixative without sea water was used, the chromosomes appear as fairly homogeneous areas of medium density. The kinetochores, on the other hand, are similar to those in the previous figure. T h e centrioles, like the kinetochores, were unchanged by the variations in fixation, and appeared as dense cylinders made up of an array of parallel rods or tubules. 
Relationship between Filaments, Kinetochores, and Chromosomes
The filaments which connect the chromosome to the pole appear to arise directly from the outer surface of the kinetochore and may number as many as ten from a single kinetochore. These filaments stay associated in a more or less compact bundle, and often are seen joining a similar bundle of continuous filaments to form a still larger aggregation. This configuration at low magnification gives the impression that the chromosome is actually attached at a particular point on the continuous fiber, and could account for such descriptions by light microscopists (see discussion by Schrader, 1953) . Fig. 4 shows such a relationship, where several filaments from a kinetochore have joined several continuous filaments to form a larger bundle. In this case, where the pH 6.1 fixative without sea water was used, the chromosome has been retained.
Aster Structure and Cell Size
As described earlier (Harris, 1961) , one of the characteristic features of the formation of the mitotic apparatus, in early cleavage stages of the sea urchin, is the growth of a compact mass of membranous structures and vesicles around the centrioles. In appearance this mass resembles elements of the endoplasmic reticulum, and is best visualized at relatively low magnifications. Its formation has the capacity to exclude the larger cytoplasmic particles such as yolk and mitochondria, and appears in living material under the light microscope as a structureless clear region. Fig. 5 shows a low magnification picture of a fairly thick peripheral section of a growing aster (prometaphase of second division). Yolk and mitochondria appear to be pushed from the center of the aster, and the elongated vesicular "astral rays" radiate from it.
It is within this mass, or "matrix," that the fiber system composed of astral filaments, chromosome-to-pole and pole-to-pole filaments are to be found. The growth of this fiber system can be traced in parallel to the growth of the vesicular structure. During interphase, before any visible formation of asters, one often sees a few of the typi-15 mtt filaments associated with the centrioles. However, as the vesicular structure grows, the filaments also grow, both in length and in number, radiating in all directions from the centriole. The low magnification used to reveal the gross structure in Fig. 5 is not sufficient, however, to show these filaments, and much thinner sections and higher magnifications must be employed. Fig, 6 shows a region equivalent to a portion of that shown in Fig. 5-- part of the clear zone of an aster at about prometaphase of first division, fixed in the pH 6.1 fixative without sea water. A number of the 15 m# filaments can be seen radiating out toward the periphery of the cell, and it is these, along with the elongated vesicles, that form the astral rays.
With the growth of the aster, the filaments also begin to push in on the nucleus, and often are seen lying within extensive invaginations of the nuclear envelope (Harris and Mazia, 1962) . There is no evidence, however, that there is any organization of filaments by the kinetochores before the breakdown of the nuclear membrane, although the nucleus is well invaded by great numbers of filaments very soon after the nuclear envelope adjacent to the asters has been disrupted.
In comparing early cleavage stages, i.e. first and second division, with 32-cell embryos or later stages, one finds a striking difference in the appearance of the mitotic apparatus. In the first division, for example, the asters are very extensive. The centrosphere, or clear region seen in living material, while relatively large in itself, is only a small part of the total ramifications of the aster, for the filaments and elongated vesicles can be traced through the mass of cytoplasmic granules to their termination at or near the periphery of the cell. As cleavage progresses and the cells become correspondingly smaller, the asters also are much diminished in size. Beyond the 32-cell stage one commonly finds figures in which there is little or no aster structure at all. Fig. 7 shows a division figure from a 7-hour embryo (approximately 32 cells) fixed in the pH 6.1 fixative without sea water. One pair of centrioles, of which only one is visible in this section, was located at the cell surface. The only evidence of an aster consists of a few filaments running parallel to the cell surface, forming a kind of sparse umbrella-shaped structure. The other pair of centrioles, neither of which is visible in this section, was located somewhat farther into the cell than the first, but even in this case the aster is extremely limited, with only a few filaments visible which are not associated with the central spindle. The vesicular structure so prominent in FIGU [~E 6 A thinner section at higher magnification of a region equivalent to a part of the central membranous structure in Fig. 5 . Here the fine filaments (f) with a diameter of approximately 15 m # can be seen radiating from the center of the aster, which is off the picture to the lower right. Fixed in 1 per cent OsO4 without sea water, p H 6.1. Embedded in Epon. Lead hydroxide stain. X 42,000. the earlier divisions (Fig. 5) is very much reduced, and it does not seem to be limited to the mitotic apparatus; rather, it is scattered throughout the rest of the cell.
D I S C U S S I O N
Fixation
T h e selective effects of variations in the fixative on different structures emphasize the fact that one must fix specifically for the structures one wishes to see. The effects of the four osmium-containing fixatives on several of the mitotic structures can be summarized as follows: 1. Palade fixative at pH 7.5
Chromosomes not extracted Filaments not satisfactorily preserved Kinetochores appear as dense plates Centrioles appear as dense cylinders 2. pH 7.5 fixative containing sea water Chromosomes extracted Filaments well preserved Kinetochores appear as dense plates Centrioles appear as dense cylinders 3. pH 6. I fixative without sea water
Chromosomes not extracted Filaments well preserved Kinetochores appear as dense plates Centrioles appear as dense cylinders 4. p H 6.1 fixative with sea water
Chromosomes not extracted Filaments well preserved Kinetochores appear as dense plates Centrioles appear as dense cylinders While it is difficult to compare these fixatives directly, the indication is that the presence of salt in the concentration used here plus a neutral p H are effective in extracting the chromosomes. At a lower pH, or in the absence of sea water, the chromosomes are retained.
The stabilization of the filaments, on the other hand, apparently depends on either the presence of the sea water (divalent cations) or a pH of 6.1.
The kinetochores and centrioles were unaffected by the variations in fixation. Because of the desirable fixing qualities of the pH 6.1 fixative without sea water, and since its composition is better defined than one which contains sea water, it is now being used in this laboratory as a routine fixative for further studies on sea urchin material.
Filaments, Kinetochores, and Chromosomes
T h e association found between the chromosomal filaments and the continuous filaments answers the question raised by light microscopists concerning the actual structural relationship, but, at the same time, raises further questions concerning the mechanism of chromosome movements. If the chromosomal and the continuous filaments are chemically and physically identical, as their electron microscope image suggests, what happens when the chromosomes move to the poles? If the chromosomal filaments contract, do the continuous filaments also contract and perhaps break somewhere? Evidence suggests that perhaps the continuous filaments lose their connections with the centers and contract to form dense aggregates near the center of the interznnal region (see Harris, 1961 , Fig. 7) .
We might further ask whether the filaments in the asters, which appear identical to the spindle filaments, also contract at the same time. If they do contract, and if they are indeed anchored in the cortex, the result would be an extremely interesting one. The tendency would be to reduce the volume of the aster regions, and squeeze the less viscous cytoplasm at the periphery of the asters into the only region available for it to go--namely, the interzonal region between the sets of separating chromosomes, thus causing an elongation of the spindle. It would be interesting to see if there is any correlation between aster size and spindle elongation in cytokinesis. One would expect that in cells without asters in the later sea urchin embryos there would be little or no spindle elongation. Such an argument could not be applied generally, however, for in such well documented 
P. HARem Mitotic Apparatus in Sea Urchin Embryos
anastrousforms as the amebae Chaos and Pelomyxa, as well as in the flagellate Barbulanympha, it is the elongation of the spindle which appears to be the primary factor in chromosome separation. See discussion by Mazia (1961) in The Cell, 3, pp. 269 ft.
Many authors have now reported that there is no visible change in chromosomal filament size at different stages of the division process. This finding suggests that perhaps the entire filament is, in some way, drawn into the centrosphere, or that perhaps the kinetochore somehow nibbles its way along the filaments to the pole. However, the fact that there is no visible change in filament size is no argument against an actual contraction of the filaments. A coil spring of the size of these filaments, for example, could be stretched to several times its length without a change in diameter that could be detected by present day means of measurement. In fact, such a model would be very attractive for other reasons; it might explain the evidence of a cross-striation found by Roth and Daniels and by the author in favorable sections, and it could also explain the tubular appearance of the filaments. However all this remains conjecture, and is presently the subject of further study.
Aster Structure and Cell Size
The most interesting aspect of the study of later embryo stages was the great reduction in the size of the aster with the decreasing size of the cell. Already at the 32-cell stage one or both pairs of centrioles are found adjacent to the cell surface. Possibly, such cramped quarters simply do not allow room for asters to form; yet there is evidence that this may not be the complete explanation. In situations where there is room for an aster to form, as the lower pole of the spindle shown in Fig. 7 , there is a definite preferential orientation of filaments in the direction of the chromosomes. In their recent and very beautiful demonstration of mitosis in Pelomyxa carolinensis, Roth and Daniels (1962) have discussed at some length the importance of the mixing of the cytoplasm and nuclear contents in the formation of the spindle filaments. The idea is interesting in that such a filament growth-promoting effect might possibly account for the preferential orientation of filaments in the direction of the central spindle in mitotic figures where no aster is formed. But any explanation of filament growth based on the existence of a "mixoplasm" leaves unanswered the question of the origin of the aster filaments in the cytoplasm before the breakdown of the nuclear envelope. These filaments are identical in appearance to those of the central spindle, and are presumably chemically the same. Apparently, the decision of a cell to divide is not a prerequisite for their existence in the cytoplasm, for a few filaments may be found associated with the centrioles at all times. Even in differentiating cells, where the centrioles are metamorphosing into cilia, these identical filaments may be found parallel to the growing cilium root, and eventually are found radiating in the form of a miniature aster from the tip of the basal foot, similar to the situation described by Gibbons (1961) in lamellibranch gill.
The demonstration, in the smaller cells of the older embryos, that asters are not necessary for division in the sea urchin, undermines the validity of using early cleavage division of egg cells as models for mitosis. In fact, it rather seems that the asters are merely a specialization of certain large cells which must separate large masses of cytoplasm during cytokinesis. It seems that if we want to understand the fundamental processes involved in mitosis, it will be necessary to recognize in the different types of mitotic structures those features which are specializations of the particular cell in question, such as the extensive aster, and those features which are consistently present, such as the 15 m/~ filaments and the capacity of the kinetochores or centrioles to act as organizers of their growth. Perhaps eventually we shall find that the basic mechanisms of mitosis, in such widely divergent materials as mammalian liver, marine invertebrate eggs, amebae, and even onion root tips, are, in fact, identical.
